Abstract: Reflection loss on the optical component surface is detrimental to performance. Several researchers have discovered that the eyes of moths are covered with micro-and nanostructured films that reduce broadband and wide-angle light reflection. This research proposes a new type of moth-eye subwavelength structure with a waist, which is equivalent to a gradient refractive index film layer with high-low-high hyperbolic-type fill factor distribution. The diffraction order characteristics of a moth-eye subwavelength structure are first analyzed using a rigorous coupled wave analysis. The moth-eye structural parameters are optimized within the spectral range of 2-5 µm using the finite-difference time-domain method. The experimental fabrication of the moth-eye structure with a waist array upon a silicon substrate is demonstrated by using three-beam laser interferometric lithography and an inductively coupled plasma process. The experimental and simulation results show good agreement. The experimental results show that the reflectivity of the moth-eye structure with a waist is less than 1.3% when the incidence angle is less than 30 • , and less than 4% when the incidence angle is less than 60 • . This research can guide the development of AR broadband optical components and wide-angle applications.
Introduction
Fresnel reflection occurs when light travels from one medium into another owing to the large refractive index discontinuity at different medium interfaces, which can have harmful effects on the transmission and utilization of light energy [1] [2] [3] [4] . For example, reflection in optical systems can lead to stray light such as ghost images. Slight reflections may also produce cold reflection effects, causing serious deterioration in the overall image uniformity [5, 6] . Almost 30% of the energy incident on the surface of a silicon substrate is reflected, which constitutes a great loss [7] .
The moth-eye structure has been developed as a new anti-reflection method with the discovery of moth-eye anti-reflection (AR) ability in bionics [8, 9] . By analyzing the structure of a moth eye, scientists discovered that the outer surface of the moth eye is covered by a regular array of periodic protuberances, wherein the micro-nano structure is smaller in scale than the wavelengths of light; therefore, the waves are unable to detect the micro-nano structure [10, 11] . The micro-nano structure layer can be considered as equivalent to a continuous gradient refractive index (GRIN) cover along the depth direction. It can restrain the reflection caused by refractive index saltation, because of which the moth eye has very low reflectivity. Furthermore, a bionic moth-eye microstructure array can attain high AR performance at a wide incidence angle and wide spectrum. Moreover, the structure is stable, which leads to wide application prospects in a variety of fields [12, 13] . In recent years, with the development of laser interference lithography (LIL) [14, 15] and accurate characterization technology of the structures [16] , micro-and nanostructures have gradually achieved high precision. Schade et al. (at Martin-Luther-Universität Halle-Wittenberg) investigated the optical properties of aluminum nanoparticles deposited on glass substrates, and then used the high periodic symmetry of the patterns formed by LIL to form regular particle arrangements for photovoltaic applications [17] . Xu et al. fabricated hydrogenated amorphous Si (a-Si:H)/SiC multilayers (MLs) on both flat Si wafers and wafers with vertically aligned Si nanowires (Si NWs) arrays to achieve cell power conversion efficiency of 11.3% [18] . Munday et al. (at the University of Maryland) deposited SiO 2 nanospheres on the surface of semiconductor materials to improve the efficiency of semiconductor light absorption by approximately 15%-20% [19] . Mokariantabari et al., using block copolymers as a template, decreased the reflection on silicon substrates to below 0.2% at lower angles of incidence (AOIs), and below 2% at higher AOIs [20] . In addition, with the development of advanced and alternate fabrication structures [21, 22] , efforts to increase the AR performance have led to the development of moth-eye structures with various morphologies, such as cylindrical, conical, and spherical pits, and pyramidal structures [23, 24] . Although some structured films have been studied for applications at oblique angles of incidence [25] , the AR performance will be severely limited with increasingly oblique angles of incidence.
In this research, the broadband and wide-angle AR performance of a moth-eye structure array with a waist are studied using rigorous coupled wave analysis (RCWA). To obtain broadband and wide-angle AR performance, the moth-eye structure with a waist is optimized within the spectral range of 2-5 µm by using the finite-difference time-domain (FDTD) method, which includes the optimization of the period, structural diameter, structural height, waist-to-draw ratio, and waist height. In addition, the AR performance of a moth-eye structure with a waist array is obtained by three-beam laser interferometric lithography (TIL) and inductively coupled plasma (ICP) process. The performance is also investigated experimentally for comparison with the simulated results, and good agreement is observed between the experimental and simulated results. This research can provide new designs for moth-eye nanostructure films for AR broadband optical components and wide-angle applications.
Materials and Methods
In simulations, the energy transmitted by the beam is dispersed to other diffraction levels when the period of the moth-eye structure is large. This increases the optical energy loss at zero order diffraction, especially in the case of obliquely incident light. Here, we derive the Rayleigh expansion of a diffraction grating from the RCWA results. The propagation vector k at all levels of a subwavelength micro structured grating can be expressed as:
(1)
where k xi and k l,yi are the components of the normal tangent to k in the reflecting and transmission regions; λ is the incident wavelength; k 0 = 2π/λ is the incident wave vector; θ is the angle of incidence; Λ is the structural period; and n 1 is the refractive index of different media (l = 1, 2). When the diffraction wave of i is under evanescent conditions, k l,yi is an imaginary number. Under oblique incidence conditions, k l,yi is imaginary when the higher order diffraction conditions are evanescent. The refractive index of the medium should satisfy n l < k xi /k 0 . According to Equation (2), the evanescent condition of the reflection diffraction order can be expressed as:
The order of the diffraction efficiency is zero when the angle of incidence and period of the structure satisfy the evanescence conditions. We can maintain the AR performance by reducing the period of the structure as the angle of incidence increases. Thus, we can reduce reflection and avoid the rapid rise in reflectivity at large angles.
The moth-eye structure with a waist array is shown in Figure 1a . The subwavelength structure is arranged as a periodic array. We focus on the optical characteristics of the periodic structure without considering the influence of boundary absorption. The geometric parameters of a unit cell of a moth-eye structure are given in Figure 1b . The parameters consist of the period Λ, structural diameter D, structural height H, top diameter d 1 , waist diameter d 2 , and waist height h 1 . The moth-eye structure is prepared on a 500-µm thick silicon base substrate. The centroid of moth-eye element is positioned at the center of its corresponding unit cell. It is worth noting that the fluctuations in the geometric parameters, namely period, height, diameter, and position, are uniformly distributed. The origin of the 3D coordinate axis is centered at the waist. Hence, a section of each unit of the moth-eye structure forms a hyperboloid in one dimension. The shape of the section can be expressed mathematically as:
where the x-axis is the direction from the center of the circle that spans the length at the waist, the y-axis is the direction from the center of the circle that spans the length at the waist, and the z-axis is perpendicular to the waist center direction. a and b are the radii of the waist along the x-and y-directions, and θ is the angle between the x-axis and the line from the origin O, to the projection point. t is the coordinate parameter. Thus, x, y, and z in the formula above are given by x = x c + acosθcosh 1 t, y = y c + bsinθcosh 1 t, z = z c + h 1 sinh 1 t.
The simulation model is shown in Figure 1c , which includes the moth-eye structure array, silicon substrate, source, air layer, and monitor. The FDTD method is applied to the calculation of the spectral characteristics of our proposed structure. FDTD method uses the plane wave source to calculate reflectivity, transmissivity, absorption, and electric field distribution. For normal incidence, the periodic boundary conditions are applied in the x-and y-directions, whereas the perfect matched layer (PML) boundary conditions are applied in the z-direction. For oblique incidence, the periodic boundary conditions are replaced by the Bloch boundary conditions in the x-and y-directions because of the phase difference of the incidence light in a simulation period.
Results and Discussion
In order to prove that the moth-eye structure with a waist has superior AR property to a moth-eye structure without a waist (truncated-cone type), a cylindrical moth-eye structure and bare silicon structure, the reflectivity from the surfaces of different shapes modeling outcome as a function of the incident wavelength is shown in Figure 2a . In the simulation, the moth-eye structures of different shapes have the same period, structural diameter, and height (Λ = 1 µm, D = 800 nm, and H = 1.5 µm, respectively). As the simulation results show, the cylindrical moth-eye structure has high reflectivity and large fluctuation in the 2-5 µm spectral range. Therefore, the cylindrical moth-eye structure array will not be ideal for AR applications, where a low reflectivity for a broader band is needed. The moth-eye structure without a waist array shows low reflectivity for wavelengths up to 3.5 µm, and the reflectivity shows an obvious increase for wavelengths greater than 3.5 µm. In comparison, the moth-eye structure with a waist array shows low reflectivity for the entire 2-5 µm wavelength range. The effect of shape on the AR performance can be explained by using the effective medium theory [26, 27] . The effective refractive index for normal incidence (n eff ) can be calculated based on:
where n s is the refractive index of the moth-eye periodic array, n i is the refractive index of air, and f is the fill factor of the moth-eye periodic array. Figure 2b presents the effective refractive index of an air/different periodic array interface. It can be observed that the effective refractive index for the cylindrical moth-eye structure shows an abrupt change at the top of the pillar nanostructure and then maintains a constant value from the top to the bottom. Meanwhile, the effective refractive indexes for the moth-eye structure with a waist and the moth-eye structure without a waist change gradually from the top of the array to the bottom, which causes a lower reflectivity than the cylindrical moth-eye. Based on GRIN efficiency characteristics, the interfacial refractive index interval (∆n) of the moth-eye structure with a waist is smaller than that of the moth-eye structure without a waist. Based on Snell's law, the smaller the value of ∆n, the less influence the polarized light has on the Fresnel reflectance separation. This will be conducive to the realization of large angle reflectivity reduction. Meanwhile, based on the waist structure, the moth-eye with a waist can be considered as equivalent to a three-layer AR film with the f distribution of high-low-high [28, 29] . The f distribution curve forms a hyperbola with the change in waist height, which conforms to the long wavelength AR structure characteristics.
Basic Parameters of the Optimized Moth-eye Structure
FDTD is used to optimize the moth-eye structure with a waist array in the spectral range of 2-5 µm to obtain high broadband AR performance and assess the effects of the period Λ, structural diameter D, and height H. The reflectivity with different periods as a function of the incident wavelength is shown in Figure 3a . According to the theoretical calculation and actual processing requirements, the period range of 1-1.5 µm is selected to analyze the reflectivity spectrum of the moth-eye structure with a waist for which the bottom diameter and structural height are fixed (D = 500 nm and H = 1500 nm). As shown in Figure 3a , the reflectivity from the array with a relatively small period exhibits strong modulations with changing incident wavelength, whereas the modulation effect is relatively weak for an array with a bigger period. It can be concluded from Equation (3) that the period is small enough to satisfy the zero-order diffraction condition and leads to suppression of the structural reflectivity. In addition to the period, the effect of the structural diameter is also investigated. Figure 3b shows the reflectivity of a moth-eye structure with a waist array with the diameter varying from 500 nm to 1000 nm, where the period and structural height are fixed (Λ = 1000 nm and H = 1500 nm). The simulation results show that the reflectivity reduces as the diameter increases. The phenomenon is attributed to the fact that the fill factor, which is the ratio of the moth-eye nanostructure array to the total area, reduces as the diameter reduces for the same height. Based on the effective medium theory, the effective refractive index for the bottom surface of the moth-eye nanostructure array reduces as the pitch increases, and therefore a larger refractive index discontinuity exists at the interface between the two media, which causes larger surface reflection. Based on the comparison with different structural diameters, it can provide better AR performance when the moth-eye nanostructure array bottom diameter is similar to the periodic size.
The effect of the moth-eye nanostructure height on the AR performance is also investigated. Figure 3c shows the reflectivity of the moth-eye structure with a waist array with height varying from 1.5 to 2.0 µm, where the period and structural diameter are fixed (Λ = 1000 nm and D = 500 nm). As shown in Figure 3c , the reflectivity varies little when the incident wavelength is between 2 µm and 3.5 µm, whereas the reflectivity shows a significant change when the incident wavelength is greater than 3.5 µm. It is possible that the moth-eye structure with smaller height cannot be identified due to the larger wavelength spectrum, and it is equivalent to a plane film, in which the anti-reflection property is not obvious. On the other hand, the refractive index gradient interval (∆n) decreases with the height increase. According to the layered medium theory, the influence of Fresnel reflection on the dielectric layer is not obvious, which is conducive to the broadband anti-reflection performance. The reflectivity of moth-eye structure is calculated based on RCWA. The different diffraction order of the silicon moth-eye substrate is shown in Figure 3d . In the simulation result, the reflectivity of the +1 order diffraction is zero (R[0 1] = 0) when Λ/λ ≤ 1.
Optimization of Waist Structure Parameters
Considering the superior AR performance of the moth-eye structure with a waist, we further studied the effect of the waist parameters on the broadband and wide-angle AR characteristics through a simulation. Based on the optimization of the basic parameters of the moth-eye, we selected the optimized structural parameters-Λ = 1 µm, D = 1 µm, and H = 2.0 µm-to optimize the waist structure. To investigate the effect of the waist-to-draw ratio (d 1 /d 2 ) on the reflectivity performance with the incident wavelength, the simulated results of the spectral curves for d 1 /d 2 = 1.5, 1.6, 1.7, 1.8, 1.9, and 2.0 are presented in Figure 4a . The change in the waist-to-draw ratio alters the refraction distribution of the waist film. It is clear that the AR performance is sensitive to the waist-to-draw ratio and the reflectivity is significantly reduced when the waist-to-draw ratio is relatively small. When the waist-to-draw ratio decreases, that is, the effective refractive index of the intermediate transition layer is small enough, the broadband and wide-angle AR performance of the moth-eye structure with a waist are superior. In addition, the reflectivity for variation in the waist height (h 1 ) from 200 to 450 nm with the change in the incident wavelength is shown in Figure 4b . The waist height represents the longitudinal waist dimension. The effective refractive index of the AR medium layer will change with the change in the waist height. It is clear that the reflectivity decreases gradually as the waist height increases. A possible reason for this phenomenon may be that the high-low-high distribution of the three-level AR film on the waist is more obvious, which allows the AR performance of the hyperbolic distribution to be fully realized. The structures become more difficult to manufacture with the existing processing technology as the waist-to-draw ratio and waist height optimization. We can effectively improve the AR performance by selecting the actually machined waist structure sizes.
The reflection characteristics of the moth-eye structure array for oblique incident angles are also investigated. Figure 5 shows the calculated reflectivity of the structure array with incident angles of 0 When the incident angle is less than 30 • , the reflectivity of the moth-eye structure with a waist shows no obvious changes as the incident angle is varied, and reflectivity of less than 1.3% is observed in the 2-5 µm wavelength range. When the incident angle is 45 • and 60 • , the reflectivity slightly increases but the overall reflectivity is still less than 4% at wide-angle oblique incidence. However, for the moth-eye structure without a waist (truncated-cone-type for which Λ = 1 µm, D = 1 µm, H = 2.0 µm), the reflectivity over the spectral range rapidly increases when the incident angle is larger than 30 • . This is because the average refractive index profile from air to the silicon substrate changes considerably from the case at normal incidence. The effective refractive index distribution of the moth-eye structure with a waist can effectively reduce the sudden change in the optical path and refractive index medium layer at the wide-angle oblique incidence and improve the AR efficiency. Figure 5 . The reflection characteristics of the moth-eye structure with a waist array for oblique incident angles, comparing with the moth-eye structure without a waist.
Fabrication Process and Results
The fabrication process for the optimized design of the subwavelength structure is shown in Figure 6a . The moth-eye structure with a waist is fabricated by TIL and ICP etching. In the manufacturing process, the photoresist model is AR-3740 and solid-state lasers (Prime grade, MSL-FN-360-S, CNI, Changchun, China; laser power density: 3 mW·cm −2 ; wavelength: 360 nm) are used. In the experiment, the designed interference patterns are obtained by the TIL system (Changchun University of Science and Technology, Changchun, China) on a substrate, as shown in Figure 6b . The irradiating source is 360 nm solid-state laser with the coherence length over 50 m and the maximum power 50 mW. The output laser beam is divided into three by beam splitters, and quarter wave plates and polarizers are placed before the sample to precisely control the power and polarization angle of the three beams. The focusing lens and the diameter pinholes are used to optimize the beams to obtain the target interference pattern. Figure 7 shows a scanning electron microscopy (SEM, Quanta 250, FEI, Hillsboro, OR, USA) image of the fabricated samples. SEM is used to characterize the surface morphologies of the templates. Figure 7a shows that various pore array structures are obtained by varying the aperture size to control the exposure. Figure 7b shows the gold mask array structures obtained after the degumming treatment. A 60-100-nm-thick Au coating (Q150T ES) is then applied to the sample. Figure 7c and d show the moth-eye structure with the array (structure period: 970 nm; etching depth: 2.1 µm; waist-to-draw ratio: 1.52; waist height: 470 nm; base diameter: 950 nm). The non-uniformity and dimension errors, compared with simulation results, are caused by the non-uniformity of the etching gas, the etching temperature and pressure, and environmental factors. By optimizing the mask thickness, etching time, and gas ratio, the overall errors from the experiment and the simulation fall within an acceptable range are in good agreement with the simulation results. The broadband and wide-angle reflectivity are characterized using the Fourier transform infrared (FT-IR) spectrometer (Spectrum GX, PerkinElmer, Waltham, MA, USA). The measurement of the reflectivity is conducted with an oblique incidence angle (6 • , 30 • , and 60 • ) with respect to the normal incident light beam. The simulated and measured values of reflectivity with the moth-eye structure array as a function of the wavelength are shown in Figure 8 . It can be observed from the measurement results that the difference in the reflectivity between the experimental and simulated results is very small; the reflectivity error range is less than 0.6% in the 2-5 µm range. Therefore, the experimental results are highly consistent with the simulated results. 
Conclusions
In this research, a moth-eye structure with a waist array for broadband and wide-angle AR application is designed and fabricated. It is proved that the optimized moth-eye structure with a waist has better AR properties than the moth-eye structure without a waist, the cylindrical moth-eye structure, and bare silicon structure. The effects of the array period, structural height, structural diameter, waist-to-draw ratio, and waist height of the moth-eye structure with a waist on the AR performance are investigated using FDTD. Then, the moth-eye structure with a waist array is fabricated using TIL and ICP process. The experimental results are highly consistent with the simulated results in the 2-5 µm range. The moth-eye structure with a waist inhibits the increase in reflectivity under broadband and wide-angle incidence. This research provides a favorable research direction for the development of broadband and wide-angle AR coatings. 
